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.QRZOHGJH EDVH V\VWHPV KDYH D FHQWUDO UROH LQ WKH DUFKLWHFWXUH RI LQWHOOLJHQW LQIRUPDWLRQ V\VWHPV 7KH PRVW ZLGHO\ XVHG
LPSOHPHQWDWLRQIRUPLVEDVHGRQRQWRORJ\PRGHOOLQJ 7KHWUDGLWLRQDORQWRORJ\V\VWHPVVWRUHFRPPRQREMHFWLYHIDFWVZKLFKFDQ
EHPDQDJHGZLWKWKHWUDGLWLRQDO%RROHDQORJLF 7KHUHDVRQLQJSURFHVVLVXVXDOO\EDVHGRQWKHVWULFWGHVFULSWLYHORJLF ,QWKHFDVH
RIPRGHOOLQJ WKHNQRZOHGJHGDWDEDVHRIDQDJHQW WKHVWDWHPHQWVDUHQRWDOZD\VVWULFW WUXHRUIDOVH7KHUHH[LVWV VRPHNLQGRI
XQFHUWDLQW\LQWKHNQRZOHGJHPRGHO7KHSDSHUVXPPDUL]HVWKHPDLQDSSURDFKHVRIXQFHUWDLQW\PDQDJHPHQWDQGSUHVHQWVDQHZ
SURSRVDO IRU D ORJLF PRGHO VXSSRUWLQJ XQFHUWDLQW\ LQ WUXWK YDOXH 7KH FODVVLFDO PRGHOV DVVXPH WKDW WKH WUXWK YDOXH IRU DQ\
SUHGLFDWH FDQEHJLYHQZLWKDVLQJOHYDOXHIURPDVFDODUYDOXHRID ODWWLFHGRPDLQ ,Q WKHVSHFLDOFDVHRI IX]]\ ORJLF WKH WUXWK
YDOXHVDUHFRPLQJIURPWKH>@LQWHUYDO7KHVHWUXWK YDOXHVUHODWHWRWKHSRVLWLYHSURSHUW\ 2QWKHRWKHUKDQGZHFDQILQGLQWKH
OLWHUDWXUHVRPH ZRUNV DUJXLQJ IRUWKHH[LVWHQFHRIQHJDWLYHSURSHUW\ ,QWKHVH PRGHOVDQHJDWLYHSURSHUW\ S KDVDOZD\VDSRVLWLYH
FRXQWHUSDUWSURSHUW\S7KHSURSRVHGORJLFPRGHOLVEDVHGRQWKHDGDSWLRQRIWKHLQILQLWHYDOXHGSUREDELOLVWLFORJLFWRQHJDWLYH
SURSHUWLHV7KHSDSHUSUHVHQWVDSURWRW\SHDSSOLFDWLRQRIWKHSURSRVHGPRGHOLQWKHGRPDLQRIHWXWRUV\VWHPV
  7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
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 ,QWURGXFWLRQ
6HPDQWLFGDWDEDVHVSOD\DFHQWUDOUROHLQFXUUHQWLQIRUPDWLRQV\VWHPV7KHKLJKDEVWUDFWLRQOHYHORIVHPDQWLFGDWD
PRGHOVHQDEOHVWKHSURJUDPPLQJRIFRPSOH[RSHUDWLRQDOORJLFDQGWKHLPSOHPHQWDWLRQRIHIILFLHQWKXPDQPDFKLQH
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LQWHUIDFHV 7KH ILUVW VHPDQWLF PRGHOVZHUH XVHGPDLQO\ LQ WKH GHVLJQ RI WUDGLWLRQDO GDWDEDVHV EXW ODWHU WKLV DUHD
EHFDPHDGLVWLQFWILHOGKDYLQJLWVRZQDSSOLFDWLRQDUHDV2QHRIWKHPDLQFKDUDFWHULVWLFVRIWKLVPRGHOLVWKHFRQFHSW
RULHQWDWLRQDQGWKHDSSOLFDWLRQRIVRPHNLQGRIORJLFIRUUHDVRQLQJ7KHORJLFIUDPHZRUNFRQWDLQVDUHSUHVHQWDWLRQ
PRGHODQGDFRUUHVSRQGLQJVHWRIRSHUDWLRQV8VXDOO\WKH%RROHDQORJLFLVXVHGLQWKHWUDGLWLRQDSSOLFDWLRQVZKHUH
RQO\ WZR GLVWLQFW WUXWK YDOXHV FDQ EH XVHG ,Q WKLV FDVH D W\SLFDO SUREOHP LV WKH PDQDJHPHQW RI LQIRUPDWLRQ
XQFHUWDLQW\ 7KH ILUVW DSSURDFKHV WR VROYH WKLV NLQG RI SUREOHP XVHG VSHFLDO YDOXHV RU VWDWXV PDUNHUV WR GHQRWH
XQFHUWDLQGDWD$EHWWHUDQGPRUHFRQVLVWHQWVROXWLRQLVWKHDSSOLFDWLRQRIVRPHPDQ\YDOXHGORJLFZKLFKHQDEOHVWKH
H[SOLFLWUHSUHVHQWDWLRQRIXQFHUWDLQW\
7KH PRVWZLGHO\XVHGVROXWLRQLVWKHVHOHFWLRQRIDWKUHHYDOXHGORJLF7KLVDSSURDFKLVYHU\FRVWHIIHFWLYHEXWLW
FDQSURYLGHRQO\DYHU\OLPLWHGIXQFWLRQDOLW\)RUH[DPSOHWKH9/VROXWLRQLQ64/XVHVWKH WKLUGWUXWKYDOXHRQO\
LQWHUQDOO\WKHXVHUVFDQQRWXVHWKLVYDOXHGLUHFWO\LQWKHTXHU\IRUPXODV$QRWKHUNQRZQPHWKRGLVWKHDSSOLFDWLRQRI
IX]]\ORJLF7KHIX]]\ORJLFLVEDVHGRQLQILQLWHYDOXHGORJLFDQGFDQPRGHOWKHXQFHUWDLQW\RQDILQHUZD\7KHUH
DUHPDQ\VXFFHVVIXOLPSOHPHQWDWLRQRIIX]]\ORJLFLQLQGXVWU\DSSOLFDWLRQVWRR
7KHUHLVDVSHFLDODUHDRIDSSOLFDWLRQVWKHNQRZOHGJHEDVHRIDJHQWVZKHUHDQHZUHTXLUHPHQWLVPHW,QWKHFDVH
RIDOHDUQLQJV\VWHP ZKHUHDQGDQDJJUHJDWHGWUXWKYDOXH LVXVHG VHYHUDOJUDGHVDQGIRUPVRIXQFHUWDLQW\FDQEH
GLVWLQJXLVKHG)RU H[DPSOH WKH IX]]\ YDOXH FDQ H[SUHVV WZRH[WUHPHFDVHV DW WKH VDPH WLPH DZHKDYH WKH
VDPHQXPEHURIDQGWHVWYDOXHVEZHKDYHQRDQ\LQIRUPDWLRQDWDOO
7KH SDSHU SUHVHQWV D EULHI VXUYH\ RQ WKH GHYHORSPHQW RI WKH VHPDQWLF GDWD PRGHOV ILUVW 7KHQ WKH PDLQ
UHSUHVHQWDWLRQIRUPVRIXQFHUWDLQW\DUHGLVFXVVHGVKRZLQJWKHEHQHILWVDQGVKRUWFRPLQJV7KHODVWVHFWLRQJLYHVDQ
LQWURGXFWLRQRQ WKHSURSRVHGYHFWRUYDOXHG ORJLF DQG WKHPDLQEHQHILW RI WKLV ORJLFPRGHO LQ WKH DSSOLFDWLRQRI D
NQRZOHGJHGDWDEDVHLVGHPRQVWUDWHG
 &RQFHSWDQGORJLFPRGHOOLQJLQ6RIWZDUH(QJLQHHULQJ
7KHDUHDRI'HFLVLRQ6XSSRUW6\VWHPV'66LVDPDLQFDWHJRU\RIFXUUHQW,QIRUPDWLRQ6\VWHPV$FFRUGLQJWR
WKH GHILQLWLRQ RI >@ '66 XVHV GLIIHUHQW FRPPXQLFDWLRQ WHFKQRORJLHV GDWD GRFXPHQWV NQRZOHGJH PRGHOV WR
LGHQWLI\ DQG VROYH SUREOHPV FRPSOHWH GHFLVLRQ SURFHVV WDVNV DQG PDNH GHFLVLRQV  5HJDUGLQJ WKH IXQFWLRQDO
FKDUDFWHULVWLFVRI'66 ILYHPRGHOVDUHLGHQWLILHGLQ>@FRPPXQLFDWLRQVGULYHQ'66GDWDGULYHQ'66GRFXPHQW
GULYHQ'66NQRZOHGJHGULYHQ'66 DQGPRGHOGULYHQ'66 $Q LQWHOOLJHQW'66 VXSSRUWV KLJK OHYHO RSHUDWLRQV
OLNH LQIRUPDWLRQ DQG UXOH H[WUDFWLRQ IURP GDWD DQG SUHGLFWLRQ RI HYHQWV  7R SURYLGH WKHVH IHDWXUHVPRVW RI WKH
FXUUHQW '66 VROXWLRQV XVH D NQRZOHGJH EDVH PRGXOH WKDW FDQ SHUIRUP WKH UHTXLUHG UHDVRQLQJ DQG YDOLGDWLRQ
DFWLYLWLHV
7KH NQRZOHGJH EDVHV RI LQWHOOLJHQW V\VWHPV DUH XVXDOO\ EDVHG RQ VRPH NLQG RI FRQFHSWXDOPRGHOV 7KHUH LV D
ZLGH YDULHW\ RI SURSRVHG FRQFHSWXDOPRGHOV LQ WKH OLWHUDWXUH OLNH WKH80/(5RU ,)2PRGHOV  ,Q WKH FRQFHSW
JUDSK &* DSSURDFK >@ WKH YHUWLFHV DUH FRQFHSWV RI D GRPDLQ DQG HGJHV FRUUHVSRQG WR GLIIHUHQW UHODWLRQVKLSV
DPRQJWKHFRQFHSWV6RPHWLPHVDOVRWKHUHODWLRQVKLSVDUHFRQVLGHUHGDVVSHFLDOFRQFHSWV7KHURRWVRI&*JR EDFN
WR WKHGLIIHUHQW OLQJXLVWLF JUDSKPRGHOV LQ WKH
V OLNH WKH FRUUHODWLRQQHW RU WKHGHSHQGHQF\ JUDSK6RZD >@
GHYHORSHG DYHUVLRQRIFRQFHSWXDOJUDSKV DVDQLQWHUPHGLDWHODQJXDJHIRUPDSSLQJQDWXUDOODQJXDJHTXHVWLRQVDQG
DVVHUWLRQVWRDUHODWLRQDOGDWDEDVH
)LJ &RQFHSWXDOJUDSKSUHVHQWHGLQ>6@
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$V LW FDQ EH VHHQ LQ )LJ  WKH &* UHSUHVHQWV RQO\ SRVLWLYH IDFWV DERXW WKH SUREOHP GRPDLQ 7KXV RQO\
FRQMXQFWLRQVDQGH[LVWHQWLDOTXDQWLILHUVDUH WKHRQO\RSHUDWRUVLQWKHHTXLYDOHQWORJLFIRUPXODV7KHFRUUHVSRQGLQJ
IRUPXODIRUWKHJUDSKLQ)LJLVWKHIROORZLQJ
2QHRIWKHILUVWDFKLHYHPHQWVLQJUDSKQRWDWLRQRIORJLFLVUHODWHGWRWKHZRUNVRI)UHJH>@,QKLVPRGHORQO\WKH
IROORZLQJ ORJLF RSHUDWRUV ZHUH LQYROYHG QHJDWLRQ LPSOLFDWLRQ DQG XQLYHUVDO TXDQWLILHU ,Q WKH ODWH VPDQ\
PRGHOVZHUHSURSRVHGWRPHUJHWKHJUDSKQRWDWLRQVZLWKVRPHYDULDQWVRIORJLF $VWKHVHJUDSKVDUHRULHQWHGRQD
ULJLGIRUPDOLVPWKHORJLFJUDSKVDUHKDUGWRLQWHUSUHWE\KXPDQV ,QSUDFWLFHRI6(WKHPRGHOVZLWKPRUHIOH[LEOH
PRGXODUVWUXFWXUHDUHXVHGGRPLQDQWO\ 7KH&RPPRQ/RJLF&/>@LVDPRUHSUDFWLFDOYDULDQWRIORJLFGHVFULSWLRQ
ZKLFKLVDIUDPHZRUNRIGLIIHUHQWORJLFODQJXDJHVEDVHGRQWKHILUVWRUGHUSUHGLFDWHORJLF,WDOORZVDZLGHUVHWRI
RSHUDWLRQVDQGLWXVHVDPRUHUHDGDEOHIRUPDW)LJ
)LJ 6DPSOHIRU&/V\QWD[
7KHPRVWSRZHUIXOFRQFHSWXDOPRGHOLQ6(LVRQWRORJ\ 7KHRQWRORJ\LVDQXPEUHOODWHUPWKDWLQFOXGHVPHWKRGV
WRSURYLGHDKLJKOHYHOVWDQGDUGL]HGPDQDJHPHQWRIVKDUHGFRQFHSWXDOPRGHOV$FFRUGLQJWRWKHGHILQLWLRQRI7RP
*UXEHU>@ DQ RQWRORJ\ LV DQ H[SOLFLW DQG IRUPDO VSHFLILFDWLRQ RI D FRQFHSWXDOL]DWLRQ $ NH\ FKDUDFWHULVWLF RI
RQWRORJ\LVWKDWLWGHVFULEHVWKHREMHFWLYHZRUOGLWFRQWDLQVWKHWUXWKRQWKHZRUOG7KHEDVHFRPSRQHQWVRIRQWRORJ\
PRGHOVDUHWKHFRQFHSWVWKHLQVWDQFHVWKHUHODWLRQVEHWZHHQWKHPDQGWKHORJLFDOD[LRPV7KHPHWKRGVRIRQWRORJ\
OLNH2:/RU GHVFULSWLRQORJLFDUHHIILFLHQWWRROVWRZRUNZLWKVHPDQWLFGDWDEDVHV
7KHORJLFPRGHORIRQWRORJ\LVEDVHGRQGHVFULSWLRQORJLF '/>@ 7KHJRDORI'/LVWRSURYLGHDIOH[LEOHORJLF
PRGHOIRUVHWVRIFRQFHSWV,WGHVFULEHVWKHGLIIHUHQWUHODWLRQVKLSVDPRQJWKHVHWRIFRQFHSWV7KHPDLQRSHUDWRUVRI
WKHODQJXDJHDUHVXPPDUL]HGLQ)LJ 
$VSHFLILFFKDUDFWHULVWLFRI'/LVWKDW LWFDQEHXVHGWRGHVFULEHLQFRPSOHWHLQIRUPDWLRQ WRR 7KHFODVVLFORJLFV
DUHDLPHGWRPRGHOWKHREMHFWLYHUHDOZRUOGZKHUHWKHSUHGLFDWHVDUHWUXHRUIDOVHPHHWLQJWKHUHTXLUHPHQWVRIWKH
%RROHDQORJLF
 0RGHOVRIXQFHUWDLQW\
$VSHFLDODUHDRINQRZOHGJHPDQDJHPHQWIRFXVHVRQWKHPRGHOOLQJRIDJHQWEHKDYLRXUV7KHJRDORIWKLVNLQGRI
LQYHVWLJDWLRQLVWRVLPXODWHDQGWRXQGHUVWDQGWKHGHFLVLRQSURFHVVHVZLWKLQDVXEMHFWLYHDJHQW7KHGHYHORSPHQWRI
SHUVRQDOL]HGDSSOLFDWLRQVUHTXLUHV WKHPRGHOOLQJ WKHVXEMHFWLYHNQRZOHGJHEDVHVRIVXEMHFWLYHDJHQWV7KLVDUHD LV
FDOOHGHSLVWHPRORJ\ >@ 2QHRI WKHPDLQGLIIHUHQFHVEHWZHHQZRUOGRQWRORJ\DQGVXEMHFWLYHRQWRORJ\ LV WKDW WKH
VXEMHFWLYHRQWRORJ\ LVPDLQO\ WKH UHVXOWRID OHDUQLQJSURFHVVZKHUH VRPH LQIRUPDWLRQ LV LQFRPSOHWHSDUWLDO 7KH
ELQDU\ YDOXHG ORJLF LQ PRGHOOLQJ RI WKH RSHQ REMHFWLYH ZRUOG LV DFFXUDWH WRRO DV WKH ODZ RI H[FOXGHG WKLUG LV
DFFHSWHGDVDJHQHUDOUXOHRIRXUREMHFWLYHZRUOG7KXV S RU S LV WUXHIRUHYHU\SURSRVLWLRQ S7KHLQDFFXUDF\RI
WKLVELQDU\YDOXHGORJLFZDVGHWHFWHGZKHQWKH PRGHOOLQJZDVH[WHQGHGWRVXEMHFWLYHNQRZOHGJHEDVHV7KHUHODWLYH
RQWRORJ\LVWKHFRQFHSWXDOPRGHOJHQHUDWHGE\DFRJQLWLYHSURFHVV'XULQJWKHOHDUQLQJSURFHVVWKHLQSXWIURPWKH
HQYLURQPHQWLVXVHGWRXSGDWHWKHFRQFHSWXDOPRGHO7KHUHODWLYHRQWRORJ\ GHSHQGVRQWKHWUDLQLQJVHWRIWKHDJHQW
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)LJ /LVWRI'/RSHUDWRUV>@
7KHUHLVDULFKYDULHW\RQWKHH[WHQVLRQRIWKHFODVVLF%RROHDQORJLFLQRUGHUWRFRSHZLWKWKHXQFHUWDLQW\IDFWRUV
RI WKH VXEMHFWLYH NQRZOHGJH 7KH IRUPDO SURSHUWLHV RI WKH ORJLFV DUH XVXDOO\ UHSUHVHQWHG ZLWK D FRUUHVSRQGLQJ
DEVWUDFWDOJHEUDVHH/LQGHQEDXP7DUVNL7KHRUHP
 7KUHHYDOXHGORJLF
7KH VLPSOHVWPRGHO LQWURGXFHV D WKLUG ORJLF YDOXHZKLFK FRUUHVSRQGV WR WKH XQNQRZQYDOXH  6RPH SUDFWLFDO
V\VWHPV OLNH 64/ VWDQGDUG XVH WKLV NLQG RI DSSURDFK  ,Q WKH FDVH RI .OHHQH ORJLF WKH .       LV
ERXQGHGGLVWULEXWLYH ODWWLFHDQG WKHFRUUHVSRQGLQJDOJHEUDPHHWVWKHIROORZLQJSURSHUWLHV
x   D  D
x D d E E d  D
x D   D d E   E
2QWKHRWKHUKDQGWKHFODVVLFSURSHUWLHVRIH[FOXGHGPLGGOHDQG RIQRQFRQWUDGLFWLRQDUH QRWPHWLQWKLVORJLF
7KH PDLQ VKRUWFRPLQJ RI WKH PRGHO LV WKDW LV DOORZV RQO\ D VLPSOH XQNQRZQ YDOXH ZKLFK FDQ QRW H[SUHVV WKH
GLIIHUHQWOHYHOVRIXQFHUWDLQW\)RU H[DPSOHDPDQRIDJHRIZLOOEHWROGPRUHWLPHVDVDQROGPDQDQGOHVVWLPH
DVDQRWROGPDQ7KHJUDGHRIXQFHUWDLQW\LV LPSRUWDQWLQIRUPDWLRQLQWKHNQRZOHGJHEDVH
 0DQ\YDOXHGORJLF
7KLV PRGHO H[WHQGV WKH QXPEHU RI WUXWK YDOXHV WR Q JUHDWHU WKDQ  7KH YDOXHV DUH XVXDOO\ RUJDQL]HG LQWR D
ERXQGHG ODWWLFH 7KH H[WUDSRODWLRQ RI WKH QYDOXHG ORJLF LV WKH LQILQLWHYDOXHG ORJLF ZKRVH WUXWK YDOXHV DUH UHDO
QXPEHUV IURP WKH >@ LQWHUYDO2QHRI WKH ILUVWPXOWLYDOXHG ORJLFPRGHOV LV SURSRVHGE\/XNDVLHZLF] >@7KH
EDVLFRSHUDWLRQVRIWKHPRGHODUHWKHQHJDWLRQDQGLPSOLFDWLRQRSHUDWRUVZLWKWKHIROORZLQJGHILQLWLRQV
x S   S
x So T  PLQ ^S T`
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7KHIROORZLQJD[LRPVDUHGHILQHGIRUWKHORJLF
x So To S
x So To To Uo So U
x So To To To So S
x SoTo To S
7KHFRUUHVSRQGLQJDEVWUDFWDOJHEUDWKH&KDQJ
V09DOJHEUDLVDVWUXFWXUH$  !ZKHUH
x [  \  ] [  \  ]
x [  \  \  [
x [   [
x [  [
x [  [  
x [  \  \  \  [  [
 5RXJKVHWV
5RXJK VHWV ZHUHLQWURGXFHGE\=3DZODN>@LQRUGHUWRSURYLGHDIRUPDO DSSURDFKWRGHDOZLWKLQFRPSOHWHGDWD
,Q URXJK VHW WKHRU\ DQ\ VHW RI HQWLWLHV RU SRLQWV RU REMHFWV LV GHILQHG E\ D ORZHU DSSUR[LPDWLRQ DQG DQ XSSHU
DSSUR[LPDWLRQ7KHVHDSSUR[LPDWLRQV DUHIRUPHG RQWKHEDVLVRIWKHDWWULEXWHV RUSURSHUWLHVWKURXJKZKLFKHQWLWLHV
DUHREVHUYHGRUDQDO\VHG
2ULJLQDOO\ LQ URXJKVHW WKHRU\ LWZDVDVVXPHG WKDW WKH VHWRIDWWULEXWHV LQGXFHVDQHTXLYDOHQFH UHODWLRQ 7KH 8
V\PEROGHQRWHVWKHVHWRIREMHFWVWREHLQYHVWLJDWHG ( RQ 8 VXFKWKDW [(\ PHDQVWKDW [ DQG \ FDQQRWEHGLVFHUQHGRQ
WKH EDVLV RI WKH LQIRUPDWLRQ SURYLGHG E\ WKHLU DWWULEXWH YDOXHV $SSUR[LPDWLRQV DUH WKHQ GH QHG LQ WHUPV RI DQ
LQGLVFHUQLELOLW\VSDFH WKDW LVD UHODWLRQDOVWUXFWXUH8( ZKHUH ( LVDQHTXLYDOHQFHUHODWLRQRQ 8 VXFK WKDW IRUD
VXEVHW ; RI 8WKHORZHUDSSUR[LPDWLRQ ;( RI ; FRQVLVWVRIDOO HOHPHQWVZKRVH(FODVVLVLQFOXGHGLQWKHVHW ;ZKLOH
WKHXSSHUDSSUR[LPDWLRQ ;( LVWKHVHWRIWKHHOHPHQWVZKRVH(FODVVKDVQRQHPSW\ LQWHUVHFWLRQZLWK ;7KHUHIRUH
;( FDQEHYLHZHGDVWKHVHWRIHOHPHQWVZKLFKFHUWDLQO\EHORQJ WR ;DQG ;( LVWKHVHWRIREMHFWVWKDWSRVVLEO\DUHLQ
;ZKHQHOHPHQWVDUH REVHUYHGWKURXJKWKHNQRZOHGJHV\QWKHVL]HGE\(
6LQFH WKHEHJLQQLQJ VHYHUDO JHQHUDOL]DWLRQVRI WKHQRWLRQ RI D URXJK VHW KDG EHHQSURSRVHG2QHRI WKHPRVW
XVHIXO JHQHUDOL]DWLRQ LV REWDLQHG E\ XVLQJ TXDVLRUGHU UHODWLRQV LQVWHDG RI HTXLYDOHQFHV4XDVLRUGHUV DUH UHIOH[LYH
WUDQVLWLYHELQDU\UHODWLRQV KHQFHWKH\ FDQEHFRQVLGHUHGDFRPPRQJHQHUDOL]DWLRQRIHTXLYDOHQFHDGSDUWLDORUGHUV
/HW ك ൈ EH D TXDVLRUGHU GHILQHG RQ WKH XQLYHUVH 8 )RU DQ\ HOHPHQW א WKH VHW ሺ ሻ ൌ ሼ א
ȁ ሺ ǡ ሻ א ሽ LVFDOOHG WKHUHODWLRQDOQHLJKERUKRRGRI [1RZIRUDQ\VHW ك LWV ORZHUDSSUR[LPDWLRQDQG LWV
XSSHUDSSUR[LPDWLRQDUHGHILQHGDVIROORZV͗
ൌ ሼ א ȁ ሺ ሻ ك ሽǡ ൌ ሼ א ȁ ሺ ሻ ת ് Ͳሽ
7KHURXJKVHWRI ; LVWKHSDLUሺ ǡ ሻDQGWKHVHWRIDOOURXJKVHWVLV ൌ ሼሺ ǡ ሻȁ ك ሽ 7KHVHW56FDQEH
RUGHUHGE\WKHFRRUGLQDWHZLVHRUGHU
ሺ ǡ ሻ ൑ ሺ ǡ ሻ ֞ ك ǡ ك 
,WZDVSURYHG LQ >@ WKDW WKHREWDLQHGRUGHUHGVHW 56  56 LV DFRPSOHWHO\GLVWULEXWLYHFRPSOHWH ODWWLFH DQG
ODWWHULWZDVVKRZQWKDWD1HOVRQ DOJHEUDFDQEHGHILQHG RQLWVHH>@
$1HOVRQ DOJHEUD LV DQ DOJHEUD ൌ ሺ ǡשǡרǡืǡ൓ǡͲǡͳሻ VXFK WKDW ሺ ǡשǡרǡ ൓ǡͲǡͳሻ LV D.OHHQH DOJHEUD ZLWK OHDVW
HOHPHQWDQGJUHDWHVWHOHPHQWDQGWKHRSHUDWLRQo VDWLVILHVWKHIROORZLQJDGGLWLRQDOD[LRPV
x D  F  D  E LIDQGRQO\ LI F Do E
x D  Eo F Do Eo F
1HOVRQDOJHEUDVDUHNQRZQDVWKHDOJHEUDLFFRXQWHUSDUWRIWKH&RQVWUXFWLYHORJLF ZLWKVWURQJQHJDWLRQ&RQVWUXFWLYH
ORJLFZLWKVWURQJQHJDWLRQZDVLQWURGXFHGE\ 1HOVRQDQGLWLVDQH[WHQVLRQRIWKHLQWXLWLRQLVWLF SURSRVLWLRQDOORJLF
E\VWURQJ QHJDWLRQ ¤7KHLQWXLWLYHPHDQLQJRI ¤S LV DFRXQWHUH[DPSOHRI WKHVHQWHQFH S$VGHVFULEHGLQ>@
RQH VHQWHQFH S PD\ KDYH PDQ\ FRXQWHUH[DPSOHV DQG HDFK RI WKHP QHHGV WR FRQWUDGLFW S )RU LQVWDQFH D
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FRXQWHUH[DPSOHRIWKH VHQWHQFH´7KLVDSSOHLVUHG´LV ´7KLV DSSOHLVJUHHQ´ RU´7KLVDSSOHLV\HOORZ´ 7KHD[LRPV
RI1HOVRQORJLFFDQEHLQWHUSUHWHGDVDOJRULWKPVRIFRQVWUXFWLQJ FRXQWHUH[DPSOHVRIFRPSRXQGVHQWHQFHVE\PHDQV
RIJLYHQFRXQWHUH[DPSOHVRI WKHLUFRPSRQHQWV :HQRWHWKDWLQWKHSDUWLFXODUFDVHRIDQHTXLYDOHQFHUHODWLRQ 5 WKH
1HOVRQDOJHEUDGHILQHGRQ 56 LVHTXLYDOHQWWRDWKUHHYDOXHG/XNDVLHZLF]DOJHEUDVHH>@
 )X]]\DQGSUREDELOLW\ORJLF
7KHIX]]\VHWWKHRU\>@XVHVUHDOYDOXHGPHPEHUVKLSIXQFWLRQVWRFKDUDFWHUL]HVHWVRYHUDGRPDLQ 87KH P$[
PHPEHUVKLSYDOXHIRUWKHVHW $  ' GHQRWHVWKHJUDGHWKDW [ EHORQJVWR $ZKHUHXVXDOO\ P$[  >@&RQVLGHULQJ
WKHPHPEHUVKLSYDOXHDVDWUXWKYDOXHWKHIX]]\VHWWKHRU\LVLVRPRUSKLFWRWKH/XNDVLHZLF]
VLQILQLWHYDOXHGORJLF
7KH UROH RI SUREDELOLW\ ORJLF LV WR DJJUHJDWH FRKHUHQWO\ RSLQLRQV XVLQJ DOO LQIRUPDWLRQ KDV EHHQ DFTXLUHG RU
DVVXPHG >@ 7KH PRGHO DOORZV XQFHUWDLQW\ LQ LQIRUPDWLRQ DFTXLULQJ WKH SUREDELOLW\  LV UHODWHG WR WKH ODFN RI
LQIRUPDWLRQ7KH HYHQWV RI D GRPDLQ DUH WKH LQIRUPDWLRQ VRXUFHVZKHUH HYHU\ HYHQW LV DVVLJQHG WR D SURSRVLWLRQ
KDYLQJWUXHRUIDOVHYDOXHGHSHQGLQJRQWKHYDOXHRIWKHHYHQWLQGLFDWRU
 1HJDWLYHSURSHUW\
7KHSUHVHQWHGORJLFPRGHOVFDQEHFRQVLGHUHGDVVFDODUORJLFVDVWKHWUXWKYDOXHFDQEHUHSUHVHQWHGZLWKDUHDO
QXPEHU7KHWUXWKYDOXHGHQRWHVRQO\WKHH[LVWHQFHRIVRPHSKHQRPHQDLHXVXDOO\WKHH[LVWHQFH RIVRPHSURSHUW\
7KHQRWH[LVWHQFH LV XVXDOO\ FRQVLGHUHGDVDGHULYHGSURSHUW\D IXQFWLRQRI WKHH[LVWHQFHSURSHUW\ VLPLODU WR WKH
RWKHUFRPSRXQGSURSHUW\H[SUHVVLRQV2QWKHRWKHUKDQGVRPHDXWKRUVOLNH0HL[QHU>@DUJXHVIRUWKHH[LVWHQFHRI
QHJDWLYHSURSHUW\$QRWKHUSLRQHHUZRUNRQFRQVLGHULQJQHJDWLYH SURSHUWLHVUHODWHVWR5XVVHOO>@ZKRLQWURGXFHG
WKHVHFRQFHSWVWRVROYHWKHSDUDGR[RI'HPR$QHJDWLYHSURSHUW\ S KDVDOZD\VDSRVLWLYHFRXQWHUSDUWSURSHUW\S
DQGLWFDQEHGHILQHGKHUHDV
 [S[S  l
2QH RI WKH DSSOLFDWLRQV RI QHJDWLYH SURSHUW\ LQ NQRZOHGJH HQJLQHHULQJ WHFKQRORJLHV UHODWHV WR WKH ZRUN RI
.RXULH>@7KHNQRZOHGJHGDWDEDVHLVFRQVWUXFWHGIURPDFRQWH[WVLPLODUWRD FRQWH[WLQ)RUPDO&RQFHSW$QDO\VLV
7KHFRQWH[WFRQWDLQVRQO\WKRVHSURSHUWLHVZKLFKDUHUHOHYDQWLQWKHSUREOHPGRPDLQ.RXULHVKRZHGWKDWLI S LVD
UHOHYDQWSRVLWLYHSURSHUW\WKDQLWVQHJDWLYHFRXQWHUSDUWLVDOVRDUHOHYDQWSURSHUW\7RPDQDJHXQFHUWDLQW\DWKUHH
YDOXHG ORJLF LVSURSRVHG LQ ORJLFUHSUHVHQWDWLRQ7KHNQRZOHGJHPRGHOFRQVLVWVRI WZREDVHUHODWLRQV DPRQJ WKH
FRQFHSWVDEVWUDFWLRQDQGLWVLQYHUVHWKHUHILQHPHQWUHODWLRQ7KHVHWRISURSHUWLHVWKDWDUHWUXHIRUFRQFHSW & LV
GHQRWHGE\ WUXH&7KH.RXULHDVVXPSWLRQVWDWHVWKHIROORZLQJ IRUDQ\WZRFRQFHSWV &&


?  SS&WUXHS&WUXH&WUXHS&WUXH&WUXH&& o
7KLVPHDQV WKDWHYHU\VXEFRQFHSWPXVWKDYHDW OHDVWRQHVXFKFKDUDFWHULVWLFSURSHUW\ZKLFKGRHVQRWPHWDW WKH
VXSHUFRQFHSWEXWWKHUHH[LVWVDJHQHUDOL]HGSURSHUW\WKDWLVWUXHIRUWKHVXSHUFRQFHSW
 3URSRVDOIRUYHFWRUYDOXHORJLF
7KH ORJLF UHSUHVHQWDWLRQ LQ WKH SURSRVHG NQRZOHGJH PRGHO LV EDVHG RQ WKH DGDSWLRQ RI WKH LQILQLWHYDOXHG
SUREDELOLVWLF ORJLF WR QHJDWLYH SURSHUWLHV  7KLV PHDQV LQVWHDG RI D VFDODU YDOXH D YHFWRU YDOXHG WUXWK YDOXH LV
SURSRVHG ZKHUH HDFK GLPHQVLRQ KDV D UHDO UDQJH RI LQWHUYDO >@  7KH PRGHO LV EDVHG RQ WKH DGDSWLRQ RI WKH
SUREDELOLVWLFORJLF7KHPRWLYDWLRQRIWKHSURSRVHGORJLFLVWKHDFFXUDWHPRGHOLQJRIVXEMHFWLYHRQWRORJ\ZKHUHWKH
WUXWKYDOXHVFRUUHVSRQGVWREHOLHI SUREDELOLW\DQGERWKSRVLWLYHDQGQHJDWLYHSURSHUWLHVFRQYH\LQIRUPDWLRQDERXW
WKHEHKDYLRURIWKHGRPDLQREMHFWV
7KHLQIRUPDWLRQVRXUFHVDUHHYHQWVZKHUHWKHFRUUHVSRQGLQJSURSRVLWLRQLVGHILQHGDV WKHH[WHQVLRQRIDWKUHH
YDOXHGORJLF
S[ S7[S)[S8[SL[  >@
ZKHUHWKHJHQHUDOIRUPRIQRQFRQWUDGLFWLRQUXOHLVDVVXPHGWREHYDOLGLH
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S7[  S)[ S8[ 
7KLVWKUHHGLPHQVLRQDOPRGHOFDQEHWUDQVIRUPHGLQWRWKHIROORZLQJWZRGLPHQVLRQDOPRGHO
S[ S7[S)[SL[  >@
S7[  S)[ d 
7KHUHIRULWLVUHDVRQDEOHWRLQWURGXFHWKHIROORZLQJYHFWRUIRUPDOLVPWRGHQRWHORJLFYDOXHV
ൌ ሼ൏ ǡ ൐ ȁ ൅ ൑ ͳሽ
7KLVVWUXFWXUHOHDGVWRDERXQGHGODWWLFHXVLQJWKHIROORZLQJSDUWLDORUGHU
൏ ǡ ൐ ٳ ൏ ǡ ൐ LII ൑ ǡ ൒
*HRPHWULFDOO\ WKH VHW RI YDOLG WUXWKYDOXHV LQ WKHGLPHQVLRQDO VSDFH LV WKH LQWHUQRI D WULDQJOHZKHUHSRLQW
DFRUUHVSRQGVWRWKHIDOVHYDOXH EWRWKHWUXHYDOXHDQGWKHOLQH DE GHQRWHVWKHVHWRIIX]]\WUXWKYDOXHV
7KHYDOXHPHDQVWKDWZHKDYHQRLQIRUPDWLRQQHLWKHURQWKHSRVLWLYHSURSHUW\QRURQWKHQHJDWLYHSURSHUW\
)LJ7KHORJLFGRPDLQ
7KHSURSRVHGORJLFIRUPDOLVPFDQEHXVHGWRUHSUHVHQWDSUREDELOLVWLFORJLFLQNQRZOHGJHPDQDJHPHQWV\VWHPV
7KLVORJLFLVVWURQJO\UHODWHGWRWKHIX]]\ORJLFDSSURDFKDQGLWLVEDVHGRQWKHIROORZLQJUXOHV
x LWKDVD ǣ ՜ ሾͲǡͳሿ
x IRUHYHU\[WUXHHYHQW3[ 
x LI[o \WKHQ3[ 3\
x LI[o \WKHQ3[  \ 3[3\
7KHPRGHOLVXVHGDPRQJRWKHUVLQWKHVHQWHQWLDO ORJLFZKHUHWKHORJLFDOFRQVHTXHQFHRIWKHVHQWHQFHVLVWKHPDLQ
LQYHVWLJDWLRQDUHD$SUREDELOLW\PRGHO>3/@KDVWKHIROORZLQJ IRUPDOLVP
ሺ ሻ א ǡ ǥ ǡ ሺ ሻ א ݄ ሺ ሻ א
ZKHUH D« DQ E GHQRWHVWKHVHQWHQFHVDQGWKH HL YDOXHVDUHWKHFRUUHVSRQGLQJSUREDELOLW\WUXWKYDOXHV
,QRXUSUREOHPGRPDLQDVSHFLDOFRQFHSWXDOJUDSKDQLQKHULWDQFHV\VWHPLVPRGHOOHG 7KHQRGHVRIWKHJUDSKDUH
FRQFHSWQRGHVDQGWKHVWUXFWXUHLVVHPLODWWLFHZLWKWKHVSHFLDOL]DWLRQUHODWLRQVKLS7KLVPRGHODOORZVKDYLQJPXOWL
LQKHULWDQFH LH D QRGH PD\ KDYH VHYHUDO SDUHQW PRGHV 7KH ORJLF PRGHO RI WKH QHWZRUN LV HQFRGHG LQ D VHW RI
SUHGLFDWHV(YHU\SUHGLFDWHPD\KDYHVHYHUDODUJXPHQWVZKHUHWKHDUJXPHQWVDUHFRQFHSWQRGHV7KHWUXWKYDOXHRI
DSUHGLFDWHLVJLYHQZLWKWKHSURSRVHGYHFWRUORJLFYDOXH 7KHDWRPLF LQSXWSUHGLFDWHVDUHDVVLJQHGWRDVWDQGDUG
WKUHHYDOXHGORJLF
7KHNQRZOHGJHEDVHLVEXLOWXSLQDQLQFUHPHQWDOZD\7KHNQRZOHGJHV\VWHPLQFRUSRUDWHVDQLQIHUHQFHHQJLQH
WRSURSDJDWHWKHQHZLQFRPLQJLQIRUPDWLRQZLWKLQWKHVHPLODWWLFH7KHSURSRVHGORJLFPRGHOHQDEOHVDQHIILFLHQW
XQFHUWDLQW\UHSUHVHQWDWLRQRIWKHSUHGLFDWHV7KHORJLFYHFWRUYDOXHVFDQEHXVHGDPRQJRWKHUVIRUWKHHYDOXDWLRQRI
WKH GLIILFXOW\ OHYHO RI WKH SUHGLFDWHV 7KH DSSOLHG PHWKRG FDOFXODWHV WKH IX]]LQHVV RI WKH SUHGLFDWHV ZKHUH WKH
IX]]LQHVV LV PHDVXUHG ZLWK D VHW RI IX]]\ FKDUDFWHULVWLF IXQFWLRQV 7KLV IXQFWLRQ UHSUHVHQWV WKH VWUHQJWK RI
UHODWLRQVKLSDPRQJWKHSUHGLFDWHV7KHIXQFWLRQLVGHILQHGRQWKHJOREDOVHWRISUHGLFDWHVDVLWVGRPDLQ
,Q WKH NQRZOHGJH PRGHO HYHU\ FRQFHSW KDV LWV RZQ FKDUDFWHULVWLF IX]]\ IXQFWLRQ 7KH UHODWLYH GLIILFXOW\ LV
PHDVXUHGZLWK WKH FRPSDULVRQRI FRUUHVSRQGLQJ IX]]\ FKDUDFWHULVWLF IXQFWLRQV 7KH VLPLODULW\EHWZHHQ WZR IX]]\
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IXQFWLRQV LVPHDVXUHGZLWKDQHQWURS\EDVHGGLVWDQFHPHWULF >@ 7KHHQWURS\LVSURSRUWLRQDOZLWKWKHXQFHUWDLQW\
OHYHORIWKHPHPEHUVKLSIXQFWLRQ
7KH SUHVHQWHGPRGHO ZDV WHVWHGZLWK D VLPSOH RQWRORJ\PRGHO 7KH RQWRORJ\PRGHO FRQWDLQV LQIRUPDWLRQ RQ
DQLPDOVLQWKHIRUPRIFRQFHSWVDQGSUHGLFDWHV7KHLQSXWIRUWKHV\VWHPLVDVHWRISUHGLFDWHVDQGWKHRXWSXWLVWKH
GLIILFXOW\UDQNLQJRIWKHSUHGLFDWHV)LJ  VKRZVDVQDSVKRWRIWKHWHVWV\VWHP
)LJ $UFKLWHFWXUHRIWKHSURWRW\SHV\VWHP
$FNQRZOHGJHPHQW
7KH UHVHDUFK ZDV VXSSRUWHG E\ WKH 7$023%.219 SURMHFW ZLWK VXSSRUW E\ WKH (XURSHDQ
8QLRQFRILQDQFHGE\WKH(XURSHDQ6RFLDO)RXQG
5HIHUHQFHV
>@ 3RZHU-%XUVWHLQ)6KDUGD5 5HÀHFWLRQVRQWKH3DVWDQG)XWXUHRI'HFLVLRQ6XSSRUW6\VWHPV3HUVSHFWLYHRI(OHYHQ3LRQHHUV'HFLVLRQ
6XSSRUW$QQDOVRI ,QIRUPDWLRQ6\VWHPV 
>@ 3RZHU- $%ULHI+LVWRU\RI'HFLVLRQ6XSSRUW6\VWHPV'665HVRXUFHV&20:RUOG:LGH:HE
KWWS'665HVRXUFHV&20KLVWRU\GVVKLVWRU\KWPOYHUVLRQ0DUFK
>@ 6RZD -)&RQFHSWXDO*UDSKV6XPPDU\ LQ&RQFHSWXDO6WUXFWXUHV&XUUHQW5HVHDUFKDQG3UDFWLFH3(NOXQG71DJOH-1DJOHDQG/
*HUKRO](GV(OOLV+RUZRRGS
>@ *RWWORE)UHJH%HJULIIVVFKULIWHLQHGHUDULWKPHWLVFKHQQDFKJHELOGHWH)RUPHOVSUDFKHGHVUHLQHQ'HQNHQV+DOOH
>@ *UXEEHU 7 $WUDQVODWLRQDSSURDFKWRSRUWDEOHRQWRORJ\ VSHFL¿FDWLRQV.QRZOHGJH$FTXLVLWLRQ  ±
>@ .U|W]VFK06LPDQFLN)+RUURFNV,$'HVFULSWLRQ/RJLF ,(((,QWHOOLJHQW6\VWHPV  
>@ *RHUW]*0DKRQH\-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